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Abstract 
The direct hydrolysis of waste poly(ethylene terephthalate) (PET) was carried out in a high pressure reactor under microwave heating condition. 
Microwave irradiation enhanced the diffusion of water into the PET matrix by the effect of the structure relaxation and therefore resultantly the 
degradation rate of PET became high compared with the state of the conventional heating. The complete degradation of PET by direct 
hydrolysis was achieved for 30 min at high reaction temperature (223-232oC) and high pressure (2.3-3.0 MPa) under the microwave heating 
condition. Although the use of HCl catalyst in the acid hydrolysis of PET decreased the yield of terephthalic acid (TPA) at the low HCl 
concentration region, the complete degradation of PET could be achieved for 15 min at the HCl concentration of 1.0 wt%. 
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Introduction 
PET is a thermoplastic resin and used widely in the field of synthetic fibers and beverage packaging. The global consumption 
of PET is increasing every year and therefore the effective recycling of waste PET is an urgent issue for environmental protection 
and resource preservation. Although the chemical recycling method by depolymerization of PET can produce the original 
feedstock monomer, it faces technical challenges such as slow 
reaction rate, low selectivity and severe reaction condition. The supercritical method [1-3] can attain a high degradation rate 
under the severe reaction conditions (300-450 oC, 14-50 MPa). Microwave heating [4-6] can assist the direct hydrolysis and 
enhance the reaction rate. In this study, the direct hydrolysis of PET was carried out at high temperature and high pressure under 
microwave irradiation. The effects of the degradation products and the homogeneous catalysts (HCl and NaOH) on the yield of 
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2.  Experimental 
A piece of waste PET soft-drink bottle (Mn = 20000 g/mol) was used. The hydrolysis of PET was carried out in the 
Monowave 300 microwave reactor (Anton Paar) equipped with temperature and pressure sensors. Fig. 1 shows the schematic 
diagram of  experimental procedure. PET chips (0.961 g), ion-exchange water (3 mL) and stirrer bar were put into a pressure 
tight glass vessel (10 mL). The weight of PET is equivalent to 5.0 mmol calculated from the molecular weight of monomer unit 
(192 g/mol). The experiments were conducted at the preset temperature of 240oC and the preset pressure of 2.1 MPa. When a 
glass vessel was used, the sample solution was homogeneously heated. For the conventional heating (CH) of the sample solution, 
a SiC vessel was used. The SiC vessel strongly absorbs microwave energy and thus the sample solution was heated from the 
inner wall of the vessel. After the reaction, a part of solid product was dissolved in aqueous solution of NaOH and the solid 
remainder was separated from the reaction solution containing di-sodium terephthalate (TPANa2) by filtration. The excess 
amount of HCl aqueous solution was added to the filtrate and solid terephthalic acid (TPA) was precipitated and recovered by 
filtration. The solid PET and TPA were dried in vacuo until a constant weight and these weights were measured. The degradation 
rate of PET was calculated as follows 
 
Degradation rate of PET (%) = (WPET,0 – WPET,f)/WPET,0 x 100    (1) 
 
where WPET,0 and WPET,f are the initial and the final weight of PET, respectively. The yield of TPA was calculated as follows. 
 
    Yield of TPA (%) = WTPA/WTPA,0 x 100       (2)  
 
where WTPA is the actual weight of TPA and WTPA,0 is the theoretical weight of TPA that will be produced upon complete 
decomposition of PET. The solid product of the complete hydrolytic depolymerization was confirmed to be TPA with IR and 
NMR analyses. 
In order to investigate the effect of the reaction products on PET degradation, TPA, EG and BHET were added into the 
sample solution. Roschelle salt, BaTiO3, NaCl, NaOH, and HCl were tried as an additive for increasing the reaction rate due to 
the excellent microwave absorbing properties.  
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Fig. 1. The schematic diagrams of the experimental procedure
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3.  Results and discussion 
3.1 Effect of microwave irradiation on PET degradation 
Comparison of the yields of TPA for degradation of PET (0.3 g) in water (2.0 g) by both internal heating in glass vessel and 
CH in SiC vessel under microwave irradiation is indicated in Table 1. The melting point of the crystal region of PET is 
approximately 264oC and therefore the final reaction temperature is fixed at about 230oC. The final reaction temperature was 
attained within a few minutes due to the small sample volume by both the direct microwave heating (MH) in a glass vessel and 
CH from the heated SiC surface. The yields obtained by MH were higher than those by CH. This difference might be caused by 
the diffusion rate of water in PET resin. The diffusion rate of water in PET polymer was enhanced by microwave irradiation [7,8]. 
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Table 1. PET degradations in glass and SiC vessel. 
 
Reaction Vessel Time (min) Temp. (oC) Pressure (MPa) Yield of TPA (%) 
Glass 15 231a 2.9 34.7 
SiC 15 231 a 2.9 6.1 
Glass 15 224b 2.6 11.0 
SiC 15 223 b 2.6 5.5 
Glass 30 227 b 2.6 76.0 
SiC 30 227 b 2.9 52.2 
                                             a) Temperature was controlled with IR sensor located outside of the vessel.  
                                             b) Temperature was controlled with Ruby sensor located inside the vessel. 
 
3.2 Effects of the reaction products and the catalysts on PET degradation 
Fig.2 shows degradation rate of PET and yield of TPA at high temperature and high pressure during microwave irradiation. 
The degradation rate increased apparently slowly with the reaction time from the very beginning of the reaction due to the 
random chain-scission of PET [9]. And then the degradation rate increased sharply as the reaction proceeded. In final, yield of 
TPA and degradation rate of PET reached almost 100%. 
 
Fig. 2. Degradation of PET by direct hydrolysis under pressurized 
microwave condition (225-237 oC and 2.3-3.0 MPa).
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The formations of TPA and ethylene glycol (EG) were confirmed during the direct hydrolysis of PET from the analyses of IR 
and NMR. Also the various compounds with ethylene glycol monoester group might be formed as degradation intermediates. 
Experimental runs in Table 2 were carried out to investigate the influences of TPA, EG and bis(2-hydroxyethylene) terephthalate 
(BHET), used as an model compound of the intermediates, on the yield of TPA.  As indicated in Fig.2, the decomposition was 
completed in 30 min. and therefore the reaction period was fixed at 15 min. When TPA was added to the reactants from the 
beginning of the reaction, the reaction was self-catalyzed by carboxylic acid groups in TPA, resulting in the high yield of 75.3%.  
In the addition of BHET relatively low yield of TPA means little catalytic effect of BHET or low reaction rate of BHET to TPA. 
Ferroelectric materials such as Roschelle salt and BaTiO3 show high dielectric constant and have excellent microwave 
absorbing properties. However there was no improvement in the yield of TPA as shown in Table 3. The hydrolysis of PET with 
the acid and the alkaline enhanced the reaction rate in the conventional heating system [10].   In the high pressure and microwave  
 
Table 2. Effects of products and model intermediate of PET hydrolysis.a 
 
Additive Amount (mmol) Temp. (oC) Pressure (MPa) Yield of TPA (%) 
TPA 2.5 232 2.9 75.3 
EG 2.5 230 2.7 40.1 
BHET 2.5 231 2.8 56.2 
No additive - 230 2.5 43.5 
No additive - 230 2.6 41.7 
                                             a) These reactions were curried out by combining direct microwave heating  
317 Kazutoshi Ikenaga et al. /  Procedia Engineering  148 ( 2016 )  314 – 318 
                                             with high pressure for 15 min. 
Table 3. Effects of dielectric materials of PET hydrolysis.a 
 
Additive Temp. (oC) Pressure (MPa) Yield of TPA (%) 
Roschelle salt 231 2.6 12.8 
BaTiO3 231 2.7 27.5 
NaCl 231 2.5 6.5 
NaOH 232 2.7 61.2 
HCl 231 2.6 93.1 
                                                           a) These reactions were curried out by using additive (amount of 1.0 wt% to H2O 
                                                            weight) combining direct microwave heating with high pressure for 15 min. 
 
heating system, the addition of NaOH greatly enhanced the degradation rate of PET compared with those in the direct hydrolysis 
without additives and the almost complete degradation of PET was achieved for 15 min. by the catalytic reaction of HCl. But the 
addition of NaCl with excellent microwave absorbing property decreased the yield of TPA. 
Effect of weight concentration of HCl in H2O on the yield of TPA is shown in Fig. 3. The yield of TPA decreased with the 
decreasing of weight concentration of HCl in H2O and reached the minimum value of 22% at the HCl concentration of 0.1 wt%. 
In this low concentration region, the consumption of HCl by the impurities such as stabilizers of PET polymer resin significantly 
occurred, resulting possibly the decreasing of the yield of TPA. As a result, there was a significant increase in the degradation 
rate of PET under high pressure microwave heating system, which was relatively mild condition compared with the direct 
hydrolysis of PET in supercritical fluid [1-3]. In addition, the un-catalyzed degradation process was the least effective among the 
investigated alkaline and acid catalytic hydrolysis. The diffusion of water and catalyst into the PET polymer resin by microwave 
irradiation at high pressure might enhance the degradation of PET. 
 
Fig. 3. Effect of HCl concentration on the yield of TPA in the 
Hydrolysis of PET at 230-232oC and 2.5-2.8 MPa for 15 min.
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4.    Conclusions 
       The following conclusions can be driven from the current investigation: 
x The complete degradation of PET by direct hydrolysis was achieved for 30 min at high reaction temperature  (235-37oC) and 
high pressure (2.8-3.0 MPa) under the microwave heating condition. The enhanced effect of the degradation rate compared 
with the condition of the conventional heating might be caused by the effective diffusion of water into the PET matrix with 
the structure relaxation by microwave irradiation. 
x Under the direct hydrolysis conditions, TPA had some extent of ability to be catalytically degraded and to improve the yield 
of TPA. 
x Although the use of HCl catalyst in the hydrolysis of PET decreased the yield of TPA at the low HCl concentration region, 
the complete degradation of PET could be achieved for 15 min at the HCl concentration of 1.0 wt%.  
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